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Abstract

Bromadiolone (BRD), a substituted 4-hydroxycoumarin derivative, is known to possess anti-coagulant activity with acute toxicity. In this
paper, we report a study on the interaction of bromadiolone with the plasma proteins bovine serum albumin (BSA) and human serum albumin
(HSA), using the intrinsic fluorescence emission properties of bromadiolone. Bromadiolone is weakly fluorescent in aqueous buffer medium,
with an emission at 397 nm. Binding of bromadiolone with serum albumins (SA) leads to a marked enhancement in the fluorescence emission
intensity and steady state fluorescence anisotropy (rss), accompanied by a blueshift of 10 nm. In the serum albumin–bromadiolone complex,
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elective excitation of tryptophan (Trp) residue results in emission from bromadiolone, thereby indicating a Förster type energy transfer fro
rp to BRD. This quenching of Trp fluorescence by BRD was used to estimate the binding constant of the SA–BRD complex. Th
onstants for BRD with BSA and HSA were 7.5× 104 and 3.7× 105 L mol−1, respectively. Based on this, a new method involving S
uorescence-enhancing reagent for estimation of BRD in aqueous samples has been suggested. The detection limits of bromad
he optimum conditions were 0.77 and 0.19�g mL−1 in presence of BSA and HSA, respectively.

2005 Elsevier B.V. All rights reserved.

. Introduction

Serum albumin (SA), the important protein in the cir-
ulatory system, is one of the most extensively studied of
ll proteins[1–3]. It is synthesized in the liver, exported as
non-glycosylated protein, and is present in the blood at

round 40 mg mL−1 [4]. It is the major transport protein for
nesterified fatty acids, but is also capable of binding an ex-

raordinarily diverse range of metabolites, drugs and organic
ompounds. The remarkable binding properties of albumin
ccounts for the central role, it can play in both the efficacy
nd rate of delivery of drugs. Many drugs, including anti-
oagulants, tranquilizers and general anesthetics, are trans-
orted in the blood while bound to albumin[5]. This has stim-
lated much interest on the nature of the drug binding sites
nd investigations of whether fatty acids, natural metabo-

ites and drugs compete with one another for binding to the
rotein[1,2]. These studies provide information on the struc-

∗ Corresponding author. Tel.: +91 44 2257 8251; fax: +91 44 2257 8241.
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tural features that determine the therapeutic effectivene
drugs. The molecular interactions are often monitored b
ing optical techniques. These methods are sensitive an
atively easy to use whereas fluorescence spectroscop
valuable technique for study of the binding of ligands to
teins. Coumarins constitute an important group of na
products and many of their analogues are found to be bi
ically active. 4-Methylcoumarin has been found to posse
wide range of biological activities like chloretic, analge
anti-spermogenetic, anti-fungal, anti-coagulant and diu
properties[6]. Interactions of several 7-aminocoumarins w
human serum albumin (HSA) and the probable locatio
these coumarins in domain II have been reported by usin
orescence spectroscopic technique and modeling studie[7].
Coumarin anti-coagulants have been used for a numb
years for prophylactic purposes in thromboembolism. M
of these agents are bound to serum proteins, especiall
This binding affects their pharmacologic and pharmac
netic properties. Bromadiolone(3-[3-(4′-bromobiphenyl-4
yl)-3-hydroxy1-phenylpropyl]-4-hydroxycoumarin) (BR
(Scheme 1) is a coumarin based anti-coagulant rodentic
731-7085/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2005.01.023
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Scheme 1. Chemical structure of bromadiolone.

which impairs blood coagulation, leading to hemorrhage as
the ultimate cause of death. When compared to warfarin, an
effective oral anti-coagulant in humans, it has a high acute
toxicity. It shows anti-coagulant effect based on the prothrom-
bin inhibition. Residues of anti-coagulants present in the bod-
ies of dead or dying rodents can be toxic to scavengers, preda-
tors and indirectly to man. It has been suggested that HSA
serves as a carrier to transport rodenticides to molecular tar-
gets and their toxicity effect is directly linked with their HSA
binding.

It is important to study the determination and the interac-
tion of BRD and SA due to its high toxicity to all mammals.
Several sensitive high performance liquid chromatographic
(HPLC) methods have been reported for the determination of
BRD in a mixture with other rodenticides in human serum,
plasma and animal tissues[8–13]. The association of six ro-
denticides with HSA and the role of magnesium and cal-
cium on this association have been studied recently by Andre
and Guillaume using perturbation method[14]. A theoreti-
cal treatment has been developed to describe the association
between rodenticides and HSA and the role of sodium cation
and saccharose were analysed[15].

In this paper, we studied the binding and the effect of
energy transfer between BRD and SA, by spectrofluorimetry.
Moreover, the fluorescence method was successfully applied
for the determination of BRD.
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measurements were recorded using Hitachi F-4500 spec-
trofluorimeter equipped with a 1 cm path length quartz cell.
Experiments were performed at two excitation wavelengths,
280 nm (the longest wavelength absorption maximum of Trp)
and 330 nm (the longest wavelength absorption maximum for
BRD). The slit widths were 5 nm/5 nm, PMT voltage was kept
at 700 V and scan speed was 1200 nm s−1.

The fluorescence anisotropy (rss) values were obtained us-
ing the expressionrss= (I|| − GI⊥)/(I|| + 2GI⊥), whenI|| and
I⊥ are fluorescence intensities when the emission polarizer
is parallel and perpendicular, respectively, to the direction of
polarization of the excitation beam, andG is the factor that
corrects for unequal transmission by the diffraction gratings
of vertically and horizontally polarized light.

2.3. Experimental methods

BRD is sparingly soluble in water. Stock solution of BRD
(10−3 M) was prepared in absolute ethanol and sonicated for
5 min. Further dilutions were made with triple distilled water
in a volumetric flask. SA and BRD solutions were prepared
in 0.01 M phosphate buffer (pH 7.00). For quenching experi-
ments, BSA or HSA solutions (3× 10−6 M) were transferred
into 5 mL volumetric flasks and BRD solutions of appropriate
concentrations were added in different amounts to the flask.
The mixture was diluted to the mark with triple distilled water
a 0 nm
a 0 nm.
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.1. Reagents

BRD was provided by Forensic Science Departm
hennai. Methanol, sodium hydrogen phosphate and
dium hydrogen phosphate were obtained from s.d fine c

cals. Bovine serum albumin (BSA) and HSA Fraction
owder (containing 98–99% of albumin) was obtained f
igma–Aldrich and used as such. The water used was
istilled. To adjust the pH of the solution, phosphate bu
pH 7.0; 0.01 M) was used.

.2. Apparatus

A Perkin-Elmer lambda 25 UV–vis spectrophotome
as used for the absorbance measurements. pH was
ured on an Elico (Model L1−120) pH meter. Fluorescen
-

nd mixed thoroughly. The samples were excited at 28
nd the fluorescence intensity was monitored at 300–50

. Results and discussion

.1. Absorption and fluorescence spectra

The absorption spectra of BRD in SA are given inFig. 1.
he longest wavelength maximum absorption band of B

s 330 nm. With the addition of SA, the absorption spe
how a slight blueshift with a strong absorbance at 28
orresponding to Trp.

Fig. 2shows the effect of BSA (b) and HSA (c) on BR
mission. In both the cases, a substantial enhancem
RD fluorescence intensity (F) accompanied by a blueshift

he fluorescence band was observed when excited at 33
revious studies on interaction of several coumarins
SA [16] and HSA[7,16] have shown that there is an a
reciable enhancement and blueshift of fluorescence

he molecule binds to SA. Similar large enhancement an
ppreciable blueshift have been observed for many coum

n homogeneous solutions with reduction in polarity[17] and
lso on complexation with cyclodextrins. The hydropho

nterior of SA is less polar than the bulk aqueous ph
hus, the large enhancement and the blueshift of the
rescence emission can be attributed to the suppress
nr (non-radiative processes) and the reduced polarity o
nvironment. It was also observed that there is an appr
le enhancement of steady state fluorescence anisotroprss)
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Table 1
Fluorescence spectral characteristics of BRD in water and SA

FSA/Fwater λex (nm) λem (nm) Anisotropy (rss) Binding constant (KA) (L mol−1)

Water SA Water SA

BSA
15 330 397.0 386.0 0.12 0.28 7.5× 104

HSA
18 330 397.0 386.0 0.12 0.28 3.7× 105

Fig. 1. UV absorption spectra of BSA (I) and HSA (II) in presence of BRD.
(I) (A) [BRD] 3 × 10−6 M; (B) [BSA] 3 × 10−6 M; (C) BRD–BSA complex,
[BRD] 3 × 10−6 M–[BSA] 3 × 10−6 M. (II) (A) [BRD] 3 × 10−6 M; (B)
[HSA] 3 × 10−6 M; (C) BRD–HSA complex, [BRD] 3× 10−6 M–[HSA]
3× 10−6 M.

of BRD in BSA and HSA (Table 1). Increase in anisotropy
is related to restricted rotational mobility of the fluoresc-
ing molecule. Thus, the enhancement of fluorescence inten-
sity, the appreciable fluorescence anisotropy values and the

Fig. 2. Fluorescence emission spectra of BRD 3× 10−6 M in aque-
ous (a), BSA (b) and HSA (c) media. [BRD] = 3× 10−6 M; [BSA] =
[HSA] = 9× 10−6 M; λex = 330 nm.

blueshift of emission in presence of SA indicate partitioning
of BRD to a restrictive and hydrophobic binding site in SA.
This behavior of BRD is in line with the fluorescence be-
havior of various other coumarins in BSA[16] and HSA[7]
suspensions. The data are summarized inTable 1.

3.2. Binding constant of serum albumin with BRD

3.2.1. Quenching experiments
HSA and BSA consist of amino acids chains forming a

single polypeptide with well-known sequence, which con-
tain three homologous�-helices domains (I–III). Each do-
main contains 10 helices and is divided into anti-parallel
six-helix and four sub-domains (A and B). The adherence
of two sub-domains, with their grooves towards each other
forms a domain, and three of such domains make up an albu-
min molecule[18,19]. HSA binds reversibly to a large num-
ber of endogenous and exogenous compounds. The capacity
of binding aromatic and heterocyclic compounds depends
largely on the existence of two major binding regions, namely
Sudlow’s site I (or benzodiazepine site) and Site II (or war-
farin site), which are located within specialized cavities in
sub-domains IIA and IIIA, respectively[14].

HSA and BSA solutions when excited at 290 nm emit flu-
orescence attributable mainly to tryptophan residues[20].
H pto-
p main
I es,
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SA contains 585 amino acid residues with only one try
han located at position 214 along the chain, in sub-do

IA. BSA molecule is formed by 582 amino acid residu
nd contains a first tryptophan residue in position 134
ub-domain IB of the albumin molecule, and a second
ophan residue in position 212, in sub-domain IIA[18].

AsFig. 1shows, excitation at 330 nm preferentially exc
RD, whereas excitation at 280 nm preferentially excites
ig. 3shows the fluorescence spectra under 280 nm exci

n solutions containing a fixed concentration (3× 10−6 M)
f SA and varying concentration of BRD in the ran
–8× 10−7 M. Under these conditions, direct excitation
RD is avoided. With progressive addition of BRD solut

o SA suspension, the Trp emission at 335 nm decrease
concomitant increase in the BRD emission. This effe

ighly pronounced for HSA in which a clear BRD emiss
and is seen with maximum at 385 nm. Clearly, a Förster type
uorescence resonance energy transfer (FRET) mech
s involved in this quenching of Trp fluorescence by B
n BRD–SA complexes. An isoemissive point at 350 nm
een, indicating that the quenching of protein fluoresc
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Fig. 3. Fluorescence spectra of BSA (a) and HSA (b) at various concentration
of BRD. [BSA] = [HSA] = 3× 10−6 M; [BRD] 0–8× 10−7 M; λex = 280 nm.

depends on the formation of bound BRD with BSA or HSA.
It can be noted that the maximum of 385 nm observed for
BRD–HSA complex when excited at 280 nm is a little fur-
ther blueshifted compared to the corresponding maximum of
394 nm when excited at 330 nm. This clearly shows that the
BRD emission observed at 280 nm excitation originates from
only the completely SA–bound BRD.

The Stern–Volmer and Lineweaver–Burk graphs are
shown inFig. 4 for the interaction of BRD in presence of
HSA and BSA.Fig. 4(a) shows that the curves have fine lin-
ear relationships according to the quenching equation:

F0

F
= 1 + kqτ0[Q] = 1 + KSV[Q], (1)

wherekq, KSV, τ0 and [Q] are the quenching rate constants
of the biomolecule, the dynamic quenching constant and the
average lifetime of the molecule without the quencher, re-
spectively.KSV = kqτ0, kq = KSV/τ0. Taking fluorescence life-
time of Trp in SA at around 10−8 s [21], an approximate
quenching constant (kq, L mol−1 s−1) can be obtained by
the slope:kq = 1.2× 1013 M−1 s−1 (r = 0.991) for BSA and
2.5× 1013 M−1 s−1 (r = 0.983) for HSA. However, the max-
imum dynamic collisional quenching constant of various
kinds of quenchers for biopolymers fluorescence is around
2.0× 1010 L mol−1 s−1 [22]. Thus, the rate constant of pro-
tein quenching procedure initiated by BRD is greater thank
o hing
m n for

Fig. 4. Stern–Volmer curves (a) and Lineweaver–Burk curves (b).
[BSA] = [HSA] = 3 × 10−6 M; λex = 280 nm.

static quenching is[23]

1

F0 − F
= 1

F0
+ KD

F0[Q]
(2)

Using this, the formation constant (KA, L mol−1) can be ob-
tained fromFig. 4(b). (KA = 1/KD): BSA, KA = 7.5× 104,
r = 0.99; HSA,KA = 3.7× 105, r = 0.9.

It shows a reasonably strong binding constant between
BRD and serum albumin. The higher binding constant of
BRD with HSA as compared to BSA is expected. As was
seen inFig. 2, for the same concentration of BRD, BSA and
HSA, the fluorescence intensity of the BRD–HSA system
was higher.

The fluorescence quencher interacts in the hydrophobic
protein sub-domain containing Trp residues. The main HSA
binding regions are located in sub-domains IIA and IIIA as
it results from the crystallography study of X-ray diffrac-
tion for several ligands[24]. Anti-coagulant rodenticides can
bind either on the low affinity site (site I, benzodiazepine
site) or the high affinity site (site II, warfarin site). Alkyl-
coumarins, drugs containing coumarin moiety, like warfarin
and several coumarin anti-coagulants, are known to bind
to domain II and site I of HSA[25–29]. Andre and Guil-
laume[14,15]calculated various thermodynamic parameters
for the two HSA sites in presence of six anti-coagulant ro-
d ily,
q
f scatter procedure. This indicates that a static quenc
echanism is operative. The Lineweaver–Burk equatio
 enticides. It was shown that, among the coumarin fam
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BRD association with HSA was greatest because of steric
hindrance. It exhibited the lowest thermodynamic data for
the site II. This has been explained due to its high hydropho-
bicity and the Br substituent which was responsible for an ad-
ditional solute polar interaction with HSA. Binding of many
coumarins to domain IIA of HSA is known to result in sig-
nificant enhancement of coumarin fluorescence[7]. The en-
hancement of BRD fluorescence appears to follow the same
pattern. In BSA, the tryptophan residues could be either Trp
135 or Trp 214. Of both tryptophans in BSA, Trp 135 is
more exposed to a hydrophilic environment, whereas Trp
214 is deeply buried in the hydrophobic loop. Comparing
the quenching effect of the same quencher on the HSA (Trp
214) and BSA (Trp 135 and Trp 214) spectra, the quenching
efficiency is very similar for the two proteins, thereby sug-
gesting that Trp 214 is involved in the quenching process in
SA.

3.3. Energy transfer between BRD and SA

The overlap of UV absorption spectra of BRD with the
fluorescence emission spectra of BSA (a) or HSA (b) is shown
in Fig. 6. According to F̈orster’s non-radiative energy transfer
[30], the rate of energy transfer depends on: (i) the relative
orientation of the donor and acceptor dipoles, (ii) the extent
o the
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Fig. 5. (a) Overlap of the fluorescence spectra of BSA (1) with the absorption
spectra (2) of BRD. (b) Overlap of the fluorescence spectra of HSA (1) with
the absorption spectra (2) of BRD.

whereF(λ) is the fluorescence intensity of the fluorescent
donor in wavelengthλ and is dimensionless,ε(λ) the mo-
lar absorption coefficient of the acceptor in wavelength
λ and its unit is cm−1 mol−1 L. The energy transfer ef-
ficiency is frequency calculated from the relative fluores-
cence yield in the presence (F) and absence of acceptor
(F0):

E = 1 − F

F0
(6)

J can be evaluated by integrating the spectra inFig. 5.
It has been reported for BSA, thatK2 = 2/3, φ = 0.15 and
n= 1.36[34]. Based on these data, we foundR0 = 5.6 nm and
r = 2.6 nm for BSA, andR0 = 6.6 nm andr = 4.5 nm for HSA.
So the distance between BRD and Trp residue in BSA or
HSA is about 2.6 and 4.5 nm, respectively. These values are
rather approximate. However, the distances obtained this way
agree well with literature values of substrate binding to SA
at site IIA [35,36]. The largerR0 value obtained for HSA is
indicative of more efficient FRET observed in the BRD–HSA
complex.

3.4. Determination of BRD

nten-
s g an
a

f overlap of the emission spectrum of the donor with
bsorption spectrum of the acceptor and (iii) the dist
etween the donor and the acceptor. The energy transfer

s related not only to the distance between the accepto
he donor, but also on the critical energy transfer distancR0,
hat is:

= R6
0

R6
0 + r6

0

(3)

herer is the distance between the acceptor and the d
ndR0 is the critical distance when the transfer efficienc
0%, which can be calculated by

6
0 = 8.8 × 10−25K2φJN−4 (4)

hereK2 is the spatial orientation factor between the em
ion dipole of the donor and the absorption dipole of the
eptor. The dipole orientation factor,K2, is the least certa
arameter in calculation of the critical transfer distanceR0.
lthough theoreticallyK2 can range from 0 to 4, the extrem
alues require very rigid orientations. If both the donor
cceptor are tumbling rapidly and free to assume any
ntation, thenK2 equals 2/3[31]. If only the donor is fre

o rotate, thenK2 can vary from 1/3 to 4/3[32,33], n is the
efractive index of the medium,φ the fluorescence quantu
ield of the donor andJ is the overlap integral of the flu
escence emission spectrum of the donor and the abso
pectrum of the acceptor, given by

=
∑

F (λ)ε(λ)λ4 �λ
∑

F (λ) �λ
, (5)
There is a significant enhancement of fluorescence i
ity in presence of SA, which could be used in developin
nalytical method for determination of BRD.
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Fig. 6. Variation of fluorescence intensity on BRD (3× 10−6 M) in pres-
ence of (a) BSA, (b) HSA. [BSA] = [HSA] = 0–1× 10−5 M; λex = 330 nm;
λem= 390 nm.

3.4.1. Optimization of experimental conditions for the
determination of BRD

In order to select an optimized analytical system experi-
mental parameters like pH, concentration of SA were studied
at [BRD] 3× 10−6 M.

The influence of pH was studied in the range of 3–10 using
phosphate buffer. The stable fluorescence intensity for the
BRD–SA complex was achieved at pH 6–8. Hence, phosphate
buffer (0.01 M) at pH 7.0 was used in this work.

For the spectrofluorimetric determination of BRD in
SA, the BSA or HSA concentration was varied from
3× 10−7 to 1× 10−5 M by fixing the BRD concentration
at 3× 10−6 M. As expected, there was a substantial en-
hancement of fluorescence intensity in presence of SA,
which remained constant after a particular concentration
[3 × 10−6 M] (Fig. 6). Therefore, fixing the SA concentration
at 3× 10−6 M, the emission spectra were recorded at excita-
tion 330 nm, for various concentration of BRD [1× 10−7 to
3× 10−6 M] in order to determine the analytical parameters
(Fig. 7).

3.5. Method of validation

The parameters determined in this study were linearity,
detection and quantitation limits, precision, selectivity and
r ed
f

Fig. 7. Fluorescence emission spectra of BSA (a) and HSA (b) in pres-
ence of varying concentration of BRD. [BRD] 1× 10−7 M to 3× 10−6 M;
λex = 330 nm.

3.5.1. Linearity
The equation for calibration graph in all cases is

F = h+ mC, where F is the fluorescence intensity (in ar-
bitrary units) andC is the concentration of BRD ex-
pressed in�g mL−1. The calibration graph of fluores-
cence intensity (F) versus the BRD concentration (C)
was drawn and found to be linear in the range 1.5–31.6
and 0.5–36.9�g mL−1 in presence of BSA and HSA,
respectively [36–38]. For the goodness of the calibra-
tion curve, the coefficient of determination (R2) was
found to be 0.99 in both the cases and the regression
was found to be significant by performing the ‘F-test’
(Table 2).

Table 2
Analytical parameters of BRD determination in presence of BSA or HSA

BSA HSA

Linear dynamic range (�g mL−1) (LDR) 1.5–31.6 0.5–36.9
Intercept on the ordinate (a) 18.89 13.81
S.D. of the intercept on the ordinate (Sa) 4.9 1.2
Slope (b) 19.09 18.66
S.D. of slope(Sb) 3.15 5.51
No. of points 11 11
Coefficient of correlation (r) 0.99 0.99
Detection limit (�g mL−1) 0.77 0.19
Quantification limit (�g mL−1) 2.57 0.64
A
C

obustness.Tables 2 and 3summarize the results obtain
rom statistical analysis of the data.
nalytical sensitivity (SA) 0.073 0.085
oefficient of determination (R2) 0.99 0.99
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Table 3
Results for robustness study

Conditions

Concentration of SA 1.5× 10−6 M, pH 6.00 1.5× 10−6 M, pH 8.00 2.4× 10−6 M, pH 6.00 2.4× 10−6 M, pH 8.00 Mean

Results
For BSA, R.S.D. (%) 3.15 3.6 3.0 2.0 2.93
For HSA, R.S.D. (%) 3.0 3.5 2.5 2.0 2.75

3.5.2. Detection and quantitation limits
The detection and quantification limits were calculated as

3sb/m and 10sb/m, wheresb is the standard deviation of the
intercept andm is the slope of the calibration graph (Table 2).

3.5.3. Precision, selectivity and sensitivity
The relative standard deviation are 3.3% (BSA) and 3.0%

(HSA), as obtained from 11 replicate determinations of
3× 10−6 M of SA solutions at pH 7. The selectivity of the
method was checked by adding metal ion interferants like
Na+, K+ and Mg2+ and experimental results showed that the
fluorescence intensity of BRD in SA was hardly affected by
them. The gradient of the calibration graph is the sensitivity
of a method according to the IUPAC definition[39]. The sen-
sitivity of the method is reported as the analytical sensitivity,
SA = ss/m (ss is the standard deviation of the analytical sig-
nal) (11 measurements) andm is the slope of the calibration
graph. (Table 2).

3.5.4. Robustness
The consistency of an analytical method, robustness is

defined by its capacity to produce constant and unbiased re-
sults when it is applied under different operating conditions
[40]. When the intrinsic operating conditions of a method are
slightly modified, robustness can be determined.
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entially excites BRD, it may be noted that if HSA is used as
reagent the excitation wavelength range available can be ex-
tended to around 280 nm. This is because of a more efficient
FRET observed in BRD–HSA complex.
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